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Abstract
Forming the interface between the bacterial cell and the host, the outer membrane of
Borrelia is known to play a key role in pathogenicity. Although Borrelia burgdorferi
sensu lato are considered to be Gram-negative, their outer membrane is unique,
lacking liposaccharides and phosphatidylethanolamine. It contains a variety of
glycolipids, surface exposed lipoproteins and a number of membrane-spanning βbarrels. BAPKO_0422, BB_0562 and BG_0408 are membrane proteins, theoretically
predicted to form 8-stranded, membrane-spanning β-barrels. The aim of this work is
to produce recombinant versions of these proteins, and determine molecular
envelopes by small-angle X-ray scattering (SAXS). The β-barrel model can then be
tested by comparing the experimental molecular envelope with the theoretical
predictions.
Three Borrelia proteins (BAPKO_0422, BB_0562 and BG_0408) were recombinantly
expressed in the E. coli expression system using the pET-47 expression vector. The
putative membrane proteins were purified by immobilised metal affinity
chromatography (IMAC). The His tag of BAPKO_0422 was enzymatically removed to
produce a native protein, and to allow for a visual comparison of the protein both with
and without the His tag.
SAXS data for each protein were collected and the overall shape was determined
using ab initio methods. The pair-distance distribution function (P(r) function) of
BAPKO_0422 with the His tag indicated a particle overlap potentially caused by the
flexible 6-His tag at the N-terminus. Kratky plots of BAPKO_0422, BB_0562 and
BG_0408 revealed the parabolic convergence for a folded particle.
The low-resolution molecular envelopes of BAPKO_0422, BB_0562 and BG_0408
are consistent with the structure of an 8-stranded β-barrel. The filtered envelopes are
in agreement with the shape and size of the E. coli homologue OmpX. The likely
orientation of the protein within the outer membrane can be deduced by comparing
molecular envelopes with and without the N-terminal His tag. The data suggest that
BAPKO_0422, BB_0562 and BG_0408 are single-domain cylindrical-shaped
molecules with no evidence of an internal pore. Several questions remain to be
answered, such as the oligomeric state of BG_0408 and BAPKO_0422. The function
of these 8-stranded β-barrels in the Borrelial outer membrane remains to be
investigated.
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small-angle X-ray scattering; factor H.
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Introduction
Lyme disease
Lyme disease, also known as Lyme borreliosis, is a zoonotic infection transmitted to
humans from the mid-gut of Ixodic ticks infested with the group of spirochetal
bacteria Borrelia burgdorferi sensu lato (Steere, 2001). It is now the most common
vector-borne disease in the Northern Hemisphere (Lindgren & Jaenson, 2006).
There are 19 species collectively referred to as Borrelia burgdorferi sensu lato, and
four are currently known to be human pathogens: Borrelia burgdorferi, Borrelia
garinii, Borrelia afzelii and Borrelia miyamotoi (Rudenko, Golovchenko, Belfiore,
Grubhoffer, & Oliver, 2014). These spirochetes are commonly found in nature in
sylvatic cycles comprising of ticks of the Ixodes ricinus complex and a variety of
mammals and migratory birds. The main vectors of the human infection are deer
ticks Ixodes scapularis and pacificus in the USA, the sheep tick Ixodes ricinus and
taiga tick Ixodes persulcatus in Europe, and the latter also in Asia (Steere, Coburn, &
Glickstein, 2004). Up to 80% of Ixodic ticks are reported to be infected with Borrelia
burgdorferi sensu lato in highly endemic areas (Barbour, 1998).
The first and most common clinical manifestation of Lyme borreliosis in
approximately 80% of cases is erythema migrans (EM), a cutaneous lesion annularly
expanding around the site of a tick bite appearing several days to weeks after the
event (Stanek et al., 2011). Without a suitable treatment, spirochete dissemination to
other tissues via the bloodstream may occur and EM can develop at various sites
across a body (Stanek et al., 2011). Acute neuroborreliosis appears in about 10–
15% of untreated patients, with symptoms such as facial palsy, meningitis and, on
rare occasions, cardiac manifestations (Auwaerter, Aucott, & Dumler, 2004).
Involvement of the musculoskeletal system, firstly restricted to the muscle and large
joint adjacent to the bite site, is often observed. If these rheumatic and neurological
symptoms persist, the disease is classed as chronic (late) Lyme borreliosis
(Biesiada, Czepiel, Lesniak, Garlicki, & Mach, 2012).
Cell structure of Borrelia
Borrelia are tightly coiled and greatly motile bacteria that, like other spirochetes,
consists of a protoplasmic cylinder, a peptidoglycan-cytoplasmic membrane
complex, a flagellum and a periplasmic space confined by the outer membrane lipid
bilayer (Radolf et al., 1995). Interestingly, the flagella filaments are not located at the
outer membrane as they are for most bacteria, but are inserted at the termini of the
protoplasmic cylinder (Barbour & Hayes, 1986) and fully contained within the
periplasmic space (Radolf, Caimano, Stevenson, & Hu, 2012). It is the rotation of
these flagella that drives the left-handed corkscrew movement characteristic of
Borrelia (Kudryashev, Cyrklaff, Wallich, Baumeister, & Frischknecht, 2010).
Because of its double-membrane, Borrelia is considered to belong to the Gramnegative group of bacteria. Genetic analyses and ultrastructural and molecular
studies, however, have identified a wide taxonomic gap between Borrelia and other
Gram-negative bacteria and suggested that the spirochetes are likely to form a
separate eubacterial phylum (Paster et al., 1991).
Unusual structure of the Borrelia outer membrane
The outer membrane of Borrelia is very fluid and consists of 3–4% carbohydrates,
23–50% lipids and 45–62% proteins (Barbour & Hayes, 1986). It differs from other

Gram-negative bacteria in its lack of liposaccharide (LPS) and
phosphatidylethanolamine (PE) (Radolf et al., 2012). Since the LPS is highly
antigenic, it has been suggested that its absence is at least partially responsible for
the immune system evasion (Seemanapalli, Xu, McShan, & Liang, 2010). The main
lipid components of the membrane are phosphatidylcholine (PC) and
phosphatidylglycerol (PG), both of which are not commonly found in the outer
membrane of any other proteobacteria (Radolf et al., 2012). Three glycolipids can be
found in Borrelia, two of which contain cholesterol: cholesteryl-6-O-acyl-β-Dgalactopyranoside (ACGal), cholesteryl-β-D-galactopyranoside (βCGal) and mono-αgalactosyl-diacylglycerol (MGaID) (LaRocca et al., 2010). Lipoproteins, such as
decorin-binding proteins and outer surface proteins (Osps), are greatly expressed by
Borrelia and are anchored to the outer membrane by lipidation.
In fact, no other bacteria is known to possess such a large number of lipoproteins in
the outer membrane (Templeton, 2004). Unlike in other Gram-negative bacteria, it is
the cytoplasmic membrane rather than the outer membrane that is closely
associated with the peptidoglycan cell wall. This results in a significant instability of
the outer membrane, and the means by which it remains intact is not known (Cullen,
Haake, & Adler, 2004).
The uniqueness of the Borrelia outer membrane is further enhanced by the evidence
of free cholesterol and cholesterol esters (LaRocca et al., 2010), usually only found
in eukaryotic cells and a small number of prokaryotes. Recently, the formation of
cholesterol-rich lipid rafts never seen in a prokaryotic cell and its association with
OspA, OspB and putative β-barrel outer membrane protein P66 was documented
(LaRocca et al., 2013).
Structure of β-barrel proteins
β-barrels are outer-membrane-spanning proteins found in Gram-negative bacteria,
chloroplasts and mitochondria (Schulz, 2000). They form supersecondary structures
composed of between 8 and 24 anti-parallel β-strands that twist and coil to form
closed barrel structures with the lumen being transverse to the surface of the outer
membrane. In Gram-negative bacteria, they can be arranged into six families,
depending on their function (Table 1). Every β-strand is laterally bonded to the next
by anti-parallel hydrogen bonds and the first N-terminal β-strand is bonded to the last
C-terminal β-strand (Freeman, Landry, & Wimley, 2011; Murzin, Lesk, & Chothia,
1994). Only approximately 10 residues of alternating polar and non-polar amino
acids form into the trans-membrane β-strand and span the outer membrane, which
hinders the identification of OMPs from the sequence data (Freeman et al., 2011).

Family

Function

I.
II.
III.
IV.

Porins
Passive transporters
Active transporters
Enzymes

Examples

OmpC, OmpF and PhoE
LamB, ScrY and FadL
FepA, FecA and FhuA
phospholipase OmpLA protease
OmpT
V.
Defensive proteins
OmpX
VI.
Structural proteins
OmpA
Table 1. Functional groups of outer membrane proteins. Outer membrane proteins
divided into families according to their function (Tamm, Hong, & Liang, 2004).
The principles of a β-barrel fold
The construction rules were set out by Schulz (2000). The N and C termini are both
located at the periplasmic side of the barrel. The number of β-strands is even, one
exception being the 19-stranded VDAC channel in mitochondria (Maurya &
Mahalakshmi, 2013) and chloroplasts membrane (Hayat & Elofsson, 2012). The tilt
of the β-strand is around 45° and resembles the β-sheet twist. Although two tilt
orientations are possible, only one is energetically favoured. When n equals the
number of β-strands, the shear number of a β-barrel is normally n + 2. Every βstrand is anti-parallel to its adjacent strand and connected to it by hydrogen bonds.
At the periplasmic end, β-strands are connected to each other by short turns
consisting of a couple of residues called T1, T2, T3, etc. At the external barrel end,
β-strands are connected to each other by long loops numbered L1, L2, L3, etc. Side
chains of non-polar residues are at the surface of the β-barrel and in direct contact
with the outer membrane. Around this hydrophobic part of the β-barrel, two girdles of
aromatic side chains contact the non-polar-polar interface of the membrane. In
comparison with soluble proteins, the evolutionary sequence variability of β-barrels,
particularly that of the external loops, is high and the loops are relatively mobile.
β-barrels in E. coli
OmpA
Arguably the most widely studied β-barrel protein is the 8-stranded outer membrane
protein A (OmpA) in E. coli (Pautsch & Schulz, 2000). OmpA is a 35 kDa protein and
its trans-membrane domain is greatly conserved among Gram-negative bacteria
(Prasadarao et al., 1996). It comprises two domains: 154 amino acid residues form
the globular periplasmic C-terminal domain and 171 residues fold into the β-barrel
membrane-spanning N-terminal domain (Wu et al., 2013). The C-terminal domain is
located in the periplasm and connects the peptidoglycan cell wall to the outer
membrane (Wang, 2002). OmpA is highly expressed and is heavily regulated at the
post-translational level (Smith, Mahon, Lambert, & Fagan, 2007). It is a
multifunctional protein playing its role in the structural integrity of the membrane
(Prasadarao et al., 1996), acting as a receptor for various bacteriophages and
mediating bacterial-host pathogenesis (Smith et al., 2007).
OmpW and OmpX
OmpW and OmpX belong to the same family of small outer membrane proteins that
are highly preserved among the Gram-negative bacteria (Hong, Patel, Tamm, & Van
Den Berg, 2006; Vogt & Schulz, 1999). OmpX is a single-domain 18 kDa protein

(Vogt & Schulz, 1999) and is thought to be a mediator of bacteria-host adhesion and
part of a bacterial defence against the complement immune system (Fernández et
al., 2001). Owing to the lack of a pathway between the periplasmic and external side
of the β-barrel, OmpX is not likely to act as a pore (Vogt & Schulz, 1999).
OmpW is a 21 kDa single-domain protein (Pilsl, Smajs, & Braun, 1999) and, in
contrast with OmpX, is thought to function as a hydrophobic channel (Hong et al.,
2006). It has been recently reported that OmpW helps to protect E. coli against host
phagocytosis. Its expression is regulated by iron, and it was therefore suggested that
this immune resistance may play a significant role in iron-related diseases (Wu et al.,
2013).
β-barrels in the Borrelial outer membrane
In contrast to many lipoproteins, only a few integral outer membrane proteins are
currently known to be present in Borrelia: 22 or 24 β-stranded P66 (Kenedy et al.,
2014), 16 β-stranded BamA (Noinaj et al., 2013), 16 β-stranded BesC (Bunikis et al.,
2008) and 14–16 β-stranded DipA (Thein et al., 2012). The density of OMPs in the
outer membrane is reported to be approximately 10-fold lower than of that in E.coli
(Lenhart & Akins, 2010). BamA, owing to its homology to the β-barrel assembly
machine (BAM) protein complex in E. coli responsible for the folding and orientation
of outer membrane proteins, is thought to orchestrate the assembly of β-barrel
proteins in the Borrelial outer membrane (Lenhart & Akins, 2010).
BAPKO_0422 and other 8-stranded β-barrels
The recent discovery of a functional β-barrel-assembly apparatus in Borrelia (Lenhart
& Akins, 2010) suggests that a range of other β-barrel proteins are likely to exist in
the outer membrane, analogous to other Gram-negative bacteria. As the OmpA-like
membrane-spanning domain (PFAM database – PF01389) is highly conserved
among other diderm bacteria, it is possible that similar 8-stranded β-barrels are also
present in Borrelia. Bioinformatic analysis of the Borrelial genome (Dyer, Brown,
Stejskal, Laity, & Bingham, 2015) identified several such candidate proteins,
including BAPKO_0422, BAPKO_0026, BG_0027, BG_0407, BB_0562, BB_0406
and BG_0408, that are likely to form 8-stranded β-barrels in Borrelia burgdorferi
sensu lato. BAPKO_0422, BB_0562, BG_0408 and BB_0406 were successfully
cloned into a pET-47b(+) plasmid and expressed in an E. coli expression system.
The recombinant proteins will be purified and structurally characterised by SAXS.
Methodology
Expression of recombinant proteins from E. coli
Lysogeny broth (containing 50 mg/L kanamycin and 34 mg/L chloramphenicol) was
inoculated with an overnight culture of RossetaTM E. coli cells containing a pET47b(+) (Novagen) construct with BAPKO_0422, BB_0562 or BG_0408 coding
sequences fused to an N-terminal 6x-His tag. The flasks were placed at 37°C with
shaking at 120 rpm for 3 hours. Protein expression was induced at an O.D. of 0.6 by
addition of IPTG stock solution to a final concentration of 1 mM. The cultures were
then left at 37°C/120 rpm for 4 hours, and transferred to 4°C/50 rpm and left
overnight. The cultures were then centrifuged at 4°C, 10,000G for 10 minutes. The
pellets containing inclusion bodies with the proteins of interest were kept for protein
purification.

Protein purification
Borrelial outer membrane proteins
The pellets containing inclusion bodies were re-suspended in 0.3 M NaCl, 50 mM
Tris, pH 8 (10 ml per gram wet weight of cells), placed on ice and sonicated at 95%
amplitude with 5 seconds on and 10 seconds off intervals for 5 minutes. The lysate
was centrifuged at 4°C, 20,000G for 1 hour and the pellet was then re-suspended in
0.3 M NaCl, 50 mM Tris-HCl, 10 mM EDTA, 10 mM DTT, 0.5% (w/v) Triton x 100,
pH 8 and centrifuged at 4°C, 10,000G for 15 minutes. This was repeated twice. The
pellet was then washed with 0.3 M NaCl, 50 mM Tris, pH 8 twice and re-suspended
in 8 M urea, 0.3 M NaCl, 50 mM Tris-HCl, pH 8, left in a fridge for 4 days and
centrifuged at 4°C, 10,000G for 30 minutes. The supernatant was kept for further
purification by IMAC.
IMAC
Borrelial outer membrane proteins
The His-Trap HP 5 ml column (GE Healthcare) and FPLC system were equilibrated
using 10 column volumes (CV) of 8 M urea, 0.3 M NaCl, 50 mM Tris-HCl, pH 8 at
speed 5 ml/min. The supernatant was loaded at speed 0.5 ml/min with an additional
20 ml of the buffer. Proteins were refolded by running a gradient over 15 CV into
0.3 M NaCl, 50 mM Tris-HCl, 1 M urea, pH 8 buffer. Non-specifically bound proteins
were eluted using 50 ml of 0.3 M NaCl, 50 mM Tris-HCl, 20 mM imidazole, 0.1%
(w/v) LDAO, pH 8 at speed 5 ml/min. Borrelial proteins were eluted using 0.3 M
NaCl, 50 mM Tris-HCl, 0.3 M imidazole, 0.1% (w/v) LDAO, pH 8 buffer at speed
5 ml/min.
Enzymatic removal of 6x-His tag
Purified BAPKO_0422 was transferred to an Amicon Ultra-15 Centrifugal Filter
Units™ (Fisher) and centrifuged at 4°C, 5,000G for 20 minutes and concentrated to
3.5 mg/ml. Protein concentration was determined by measuring the absorbance at
280 nm. LDAO was added into HRV-3C protease to make the total LDAO
concentration 0.1% (w/v). Enzyme digests were carried out with an excess of
BAPKO_0422 at a ratio of 50:1, 20:1 and 10:1 and then incubated at 4°C under
gentle agitation for 2 days.
Purification of BAPKO_0422 digest by IMAC
The mixture of BAPKO_0422 and HRV-3C protease obtained after digest was
loaded onto the His-Trap HP 5 ml column at speed 0.5 ml/min after the systems
were equilibrated using 10 CV of 8 M urea, 0.3 M NaCl, 50 mM Tris-HCl, pH 8 at
speed 5 ml/min. The non-bound BAPKO_0422 was then collected. The bound HRV3C protease was eluted using 50 ml of 0.3 M NaCl, 50 mM Tris-HCl, 0.3 M
imidazole, pH 8.
Extended dialysis
His-Trap column purification of OMPs and the digested BAPKO_0422 were
transferred into Amicon Ultra-15 Centrifugal Filter Units™ and concentrated to
250 μl. Proteins were injected into Dialysis Cassette Slide-A-Lyzer™ using a syringe
and 18 gauge needle (Fisher) and were then dialysed against 200 ml of 0.3 M NaCl,
50 mM Tris-HCl, 0.1% (w/v) LDAO, 0.05% sodium azide, pH 8 for 5 days. Samples
of dialysis buffer were stored at ‒20°C for use as a matched blank for SAXS.

SDS-PAGE analysis
The samples contained between 20 and 50 μg of protein. For the boiled SDS-PAGE,
2 μl of DTT was added and the samples were boiled at 70°C for 10 minutes.
Samples were loaded onto pre-cast 4–12 % (w/v) Bis/Tris gels (Invitrogen) with 10 μl
of Novex Sharp Pre-stained protein standards (Invitrogen). Gels were run at 150 kV,
140 mA for 60–90 minutes.
SAXS
Data collection
The dialysed sample was centrifuged at 4°C, 10,000G for 1 hour. Protein
concentration was determined by measuring the absorbance at 280 nm. SAXS data
was acquired using a Bruker Nanostar from 100 μl solutions of BAPKO_0422 (2.8
and 3.5 mg/ml), BB_0562 (3 mg/ml) and BG_0408 (4.2 mg/ml) in 0.3 M NaCl, 50 mM
Tris-HCl, 0.1% (w/v) LDAO, 0.05% sodium azide, pH 8. The distance of the sample
and the detector was set to 106.850 cm. Samples were exposed to X-rays for 2,400
seconds, resulting in between 250,000 and 350,000 counts per image. A full data set
consisted of 10 images of the sample at 2,400 seconds each (24,000 seconds in
total). Full data sets were also collected from blank samples to enable subtraction of
ambient scattering. After extended dialyses, 100 μl of dialysis buffer was kept and
used as a matched blank. This scattering data was then integrated using the circular
integration method (rotation around Chi) to obtain a scattering curve.
Primus software (ATSAS) (Petoukhov et al., 2012) was then used to take the
average of the 10 scattering curves from both sample and blank, and the blank was
subtracted.
Data analysis
Guinier and Kratky plots were generated in Primus software. GNOM (ATSAS)
(Petoukhov et al., 2012) was used to generate the P(r) function (pair-distance
distribution function).
Ab initio shape determination using dummy atoms was performed using the online
ATSAS package (Petoukhov et al., 2012) with default settings. DAMMIN generated
20 models, which were then aligned by DAMAVER. Outliers were removed and an
average model was generated in DAMFILT. Figures were generated in PyMOL
(Schrodinger, 2010).
Results
IMAC
Proteins BAPKO_0422, BB_0562 and BG_0408 were harvested from inclusion
bodies and purified using Ni-NTA chromatography (Figure. 1). The single peak in the
latter half of the trace indicates elution of the target protein (indicated by black
arrow).

Figure 1. IMAC chromatogram of purification and refolding of BAPKO_0422 from
inclusion bodies. Sample was loaded in 8 M urea, 0.3 M NaCl, 50 mM Tris-HCl, pH 8
at speed 0.5 ml/min-1. The large peak from 50 to 100 ml is the loading peak,
representing proteins that did not bind to the column. The refold gradient was set
over 75 ml. Non-specifically bound proteins were washed with 50 ml of 0.3 M NaCl,
50 mM Tris-HCl, 20 mM imidazole, 0.1% (w/v) LDAO, pH 8 and the small peak can
be observed at approximately 230 ml. The peak indicated by the arrow indicates
elution of BAPKO_0422.
SDS-PAGE
Lysate, soluble/insoluble fractions and purified protein were analysed by SDS-PAGE
to observe the purity and oligomeric state of the recombinant proteins. The purified
fraction of BG_0408 revealed multiple bands at 250, 150 and 60 kDa, possibly
indicating the formation of multimers (Figure. 2). The purified fraction of BB_0562
(Figure. 3) shows a major band at 25 kDa corresponding the Mw of the tagged
protein (Table 2). BAPKO_0422 was purified to homogeneity by Ni-NTA and size
exclusion chromatography, and revealed a band of the expected Mw (Dyer et al.,
2015).

Figure 2. Non-boiled SDS-PAGE of BG_0408 fractions. L–R: 10 μl of Novex Sharp
Pre-stained protein standards, 10 μl of cell lysate, 10 μl of soluble fraction, 10 μl of
insoluble fraction and 20 μl of purified fraction. Large band at around 45 kDa in the
cell lysate and soluble fraction is likely to be an E. coli protein. Two bands at 20 and
38 kDa are visible in the insoluble fraction and the pure fraction shows three bands
at 60, 150 and 250 kDa.

Protein

Amino acid sequence of

Molecular

UniProt

recombinant protein

weight

Accession
code

BB_0562

MAHHHHHHSAALEVLFQGPGYQDPKDSY

20.2 kDa

O51510

22.8 kDa

Q661L3

22.9 kDa

Q0SNA2

LNRGIGFGASIGNPIINLIMSFPFIDFEIGYG
GSNGINLSGPKLESKFYDFNLLAIAALDFIF
TISLIKNLNLGIGIGGNISISSHTSKLINVELG
FGMRIPLVIFYDITENLEIGMKIAPSIEFISN
TRSLAQHRTYSGIKSNFAGGIFAKYYIF

BG_0408

MAHHHHHHSAALEVLFQGPGYQDPSDN
YMVRCSKEEDSTTCIAKLKGIKEKKSYDLF
SMGIGIGNPIANIIITIPYVNIDFGYGGFIGP
KSNNFENYLNGGIDIIFKKQIGQYMRIGGG
IGIGADWSKTSLMPPDEEEETDYERIGAVI
RIPFVMEYNFAKNLYIGFKVYPALGPTILLT
KPNILFEGIKFNFFGFGFIKFAFN

BAPKO_0422

MAHHHHHHSAALEVLFQGPGYQDPQSK
SKTMVEDDFDFEKLLEKEESVRRLFGIGF
GIGYPLTNITISVAYVDIDLGYGRFVGLKPN
NFMPYVVMGIDLLIKDEIHKNTMISGGIGM
GADWSKGSPEKSNENLEGDVNEDQQTS
LENRIGVVIRLPLVIEYSFLKNIVIGFKAVAT
IGTTMLFGNPMSFEGARFNFLGTGFIKIYI

Table 2. The sequence and molecular weight of recombinant proteins. The
accession codes were obtained from UniProt database (The UniProt Consortium,
2015).
Figure 3. Non-boiled SDS-PAGE of
BB_0562 fractions. L–R: 10 μl of Novex
Sharp Pre-stained protein standards, 10 μl
of cell lysate, 10 μl of soluble fraction, 10
μl of insoluble fraction and 20 μl of purified
fraction. The large band at 45 kDa in cell
lysate and soluble fraction is likely to be an
E. coli protein. The purified fraction shows
two bands at 18 and 25 kDa.

SAXS
Instrumental set-up
Nanography was used to ensure that the capillary was centred in the X-ray beam.
The sample holder was aligned so the capillary was exposed in line with the centre
of the X-ray beam and the centre of the capillary (42.5 × 49 mm) was determined by
the coordinates with the fewest number of counts (Figure. 4).

Figure 4. Diagram of Bruker Nanography. a) Central X and Y axis coordinates are
42.5 mm and 49 mm respectively. b) Colour-coded ladder showing number of
counts.
X-ray scattering data (Figure. 5) for solutions of BAPKO_0422, BB_0562 and
BG_0408 were collected as described in the methodology section. Guinier analysis
is useful for assessing the quality of the scattering data. Sample polydispersity can
be revealed, and an estimate of the radius of gyration can be calculated from the
gradient of the linear region (Rg = sqrt(‒3m), where m is the gradient) using the
Guinier law. Guinier analysis of the BAPKO_0422, BB_0562 and BG_0408
scattering data revealed a linear region with a small upturn at low q values (Figure.
6). The residual analysis (Figure. 6) indicates a monodisperse solution. The gradient
of the linear region was used to calculate Rg values in reciprocal space (Tables 3, 4,
5 and 6).

Figure 5. Representative scattering curve of 3.5 mg/ml BAPKO_0422 in solution.
Raw scattering data obtained by Primus software (ATSAS) (Petoukhov et al., 2012)
showing the log I (relative units) over the scattering vector (q, Ǻ-1) of BAPKO_0422
(blue line), solvent blank (red line) and the BAPKO_0422 with the blank subtracted
(purple line).

Figure 6. Guinier plots of BAPKO_0422 (A), 6x-His-tagged BAPKO_0422 (B), 6xHis-tagged BB_0562 (C) 6x-His-tagged BG_0408 (D). Guinier plots obtained by
Primus software (ATSAS) (Petoukhov et al., 2012) showing the log I (relative units)
vs q2 (Ǻ-2) with the corresponding residuals in the lower plot. The indicated linear
regions were used to calculate the Rg values shown in Table 3.

Rg value generated using Primus software (ATSAS) for

Rg value (Ǻ)

3.5 mg/ml of BAPKO_0422 in solution
Guinier plot

15.00

GNOM fit - reciprocal space

14.30

P(r) plot - real space

14.29

Table 3. Table of 3.5 mg/ml BAPKO_0422 in solution Rg values generated using
Primus software (ATSAS) (Petoukhov et al., 2012).
Rg value generated using Primus software (ATSAS) for

Rg value (Ǻ)

2.8 mg/ml of BAPKO_0422 in solution
Guinier plot

17.00

GNOM fit - reciprocal space

16.26

P(r) plot - real space

16.29

Table 4. Table of 2.8 mg/ml BAPKO_0422 in solution Rg values generated using
Primus software (ATSAS) (Petoukhov et al., 2012).
Rg value generated using Primus software (ATSAS) for

Rg value (Ǻ)

3.0 mg/ml of BB_0562 in solution
Guinier plot

12.80

GNOM fit - reciprocal space

13.28

P(r) plot - real space

13.29

Table 5. Table of 3.0 mg/ml BB_0562 in solution Rg values generated using Primus
software (ATSAS) (Petoukhov et al., 2012).
Rg value generated using Primus software (ATSAS)

Rg value

for 4.2 mg/ml of BG_0408 in solution

(Ǻ)

Guinier plot

14.40

GNOM fit - reciprocal space

14.65

P(r) plot - real space

14.66

Table 6. Table of 4.2 mg/ml BB_0562 in solution Rg values generated using Primus
software (ATSAS) (Petoukhov et al., 2012).

Figure 7. Pair-distribution plots P(r) of BAPKO_0422 (A), 6x-His-tagged
BAPKO_0422 (B), 6-xHis-tagged BB_0562 (C) 6x-His-tagged BG_0408 (D). The P(r)
plot was obtained through a Fourier transform of the raw scattering data in reciprocal
space evaluated by GNOM (ATSAS) (Petoukhov et al., 2012). Pair-distribution
function (P(r) vs R, Ǻ-1) was used to obtain the blue bell-shaped curve indicative of a
globular single-domain molecule. The P(r) function was used to calculate Rg values
in the real space.
The pair-distribution function, P(r), is a plot of all possible distances between pairs of
electrons within a macromolecule and therefore provides information on the shape of
the molecule. Information on interparticle interference (overlap or repulsion) is also
available. The P(r) functions of BAPKO_0422 (tagged and untagged), BB_0562 and
BG_0408 are all indicative of globular, single-domain molecules (Figure. 7). The P(r)
function of untagged BAPKO_0422 (Figure. 7A) approaches zero at a steady rate,
as would be expected for a spherical molecule with well-defined edges. However,
the data for 6x-His-tagged BAPKO_0422 (Figure. 7B) and BG_0408 (Figure. 7D) do
not approach zero at a steady slope and may be indicative of either interparticle
interference or particle overlap, potentially caused by the flexible 6x-His tag at the Nterminus (Jacques & Trewhella, 2010). There is some uncertainty in Dmax from this
data.
Kratky plots of BAPKO_0422, BB_0562 and BG_0408 (Figure. 8) revealed the
parabolic convergence for a folded particle. The clear peak is indicative of a compact
globular folded structure with well-defined difference between the scattering of
molecule and solvent. The data reveals that BB_0562 appears to be the most

compact, as at high q values, the value of q2 × I(q) decreases and approaches zero
(Figure. 8C).

Figure 8. Kratky plots of BAPKO_0422 (A), 6x-His-tagged BAPKO_0422 (B), 6x-Histagged BB_0562 (C) 6x-His-tagged BG_0408 (D). Kratky plots obtained by Primus
software (ATSAS) (Petoukhov et al., 2012) showing q2I(q) versus q (Ǻ-1). All plots
reveal the parabolic convergence for a folded particle. Lower scattering intensity at
high q is indicative of compact globular folded structure with a well-defined difference
between the scattering of molecule and solvent.
Molecular envelope calculation
Ab initio shape determination using dummy atoms to generate volumes whose
scattering profiles fit the experimental data (Ezquerra, Garcia-Gutierrez, & Nogales,
2009) was performed using the online ATSAS package (Petoukhov et al., 2012) with
default settings. DAMMIN generated 20 models, which were then aligned by
DAMAVER. Outliers were removed and an average model was generated in
DAMFILT. Figures were generated using PyMOL (Schrodinger, 2010) (Figures. 9,
10, 11, 12). A comparison of the SAXS data sets collected from BAPKO_0422 with
and without the N-terminal His tag reveals the presence of an additional domain.
This additional domain allows for the possibility of orientating the model with respect
to the membrane (Figure. 13). This N-terminal domain is likely to be periplasmic
(Schulz, 2000).

Figure 9. Molecular envelopes of 3.5 mg/ml BAPKO_0422
without the 6x-His tag. The average molecular envelope
of 20 ab initio structures (grey surface) represents the
dynamic motion of all atoms within BAPKO_0422. The
filtered envelope (green surface) represents the most
highly occupied volume and is in agreement with the
shape and size of the close homologue E. coli OmpX
(purple ribbon). Scattering data was collected from a
solution of BAPKO_0422 at a concentration of 3.5 mg/ml
in 0.3 M NaCl, 50 mM Tris-HCl, 0.1% (w/v) LDAO, 0.05%
sodium azide, pH 8. A dialysis-matched buffer was used
as a blank. Figure created in PyMOL (Schrodinger, 2010),
using envelopes calculated by DAMAVER and DAMFILT (ATSAS) (Petoukhov et al.,
2012) and coordinates of OmpX from PDB (accession code 1QJ8). a) frontal view b)
side view c) top view d) bottom view.
Figure 10. Molecular envelopes of 2.8 mg/ml
BAPKO_0422 with the 6x-His tag. The average
molecular envelope of 20 ab initio structures (grey
surface) represents the dynamic motion of all atoms
within BAPKO_0422. The filtered envelope (green
surface) represents the most highly occupied volume
and is in agreement with the shape and size of the
close homologue E. coli OmpX (purple ribbon).
Scattering data was collected from a solution of
BAPKO_0422 at a concentration of 2.8 mg/ml in 0.3
M NaCl, 50 mM Tris-HCl, 0.1% (w/v) LDAO, 0.05%
sodium azide, pH 8. A dialysis-matched buffer was
used as a blank. Figure created in PyMOL
(Schrodinger, 2010), using envelopes calculated by DAMAVER and DAMFLIT
(ATSAS) (Petoukhov et al., 2012) and coordinates of OmpX from PDB (accession
code 1QJ8). a) frontal view b) side view c) top view d) bottom view.
Figure 11. Molecular envelopes of 3.0 mg/ml BB_0562 with
the 6x-His tag. The average molecular envelope of 20 ab
initio structures (grey surface) represents the dynamic motion
of all atoms within BB_0562. The filtered envelope (green
surface) represents the most highly occupied volume and is in
agreement with the shape and size of the close homologue E.
coli OmpX (purple ribbon). Scattering data was collected from
a solution of BB_0562 at a concentration of 3.0 mg/ml in 0.3
M NaCl, 50 mM Tris-HCl, 0.1% (w/v) LDAO, 0.05% sodium
azide, pH 8. A dialysis-matched buffer was used as a blank. Figure created in
PyMOL (Schrodinger, 2010), using envelopes calculated by DAMAVER and
DAMFILT (ATSAS) (Petoukhov et al., 2012) and coordinates of OmpX from PDB
(accession code 1QJ8). a) frontal view b) side view c) bottom view d) top view.

Figure 12. Molecular envelopes of 4.2 mg/ml BG_0408 with the
6x-His tag. The average molecular envelope of 20 ab initio
structures (grey surface) represents the dynamic motion of all
atoms within BG_0408. The filtered envelope (green surface)
represents the most highly occupied volume and is in agreement
with the shape and size of the close homologue E. coli OmpX
(purple ribbon). Scattering data was collected from a solution of
BG_0408 at a concentration of 3.0 mg/ml in 0.3 M NaCl, 50 mM
Tris-HCl, 0.1% (w/v) LDAO, 0.05% sodium azide, pH 8. A
dialysis-matched buffer was used as a blank. Figure created in PyMOL (Schrodinger,
2010), using envelopes calculated by DAMAVER and DAMFILT (ATSAS)
(Petoukhov et al., 2012) and coordinates of OmpX from PDB (accession code
1QJ8). a) frontal view b) side view c) top view d) bottom view.
Figure 13. A comparison of molecular envelopes of
BAPKO_0422 with the His tag (A) and after treatment with
HRV-3C protease (B). Dashed lines indicate the
approximate position of the outer membrane. The average
molecular envelope of 20 ab initio structures (grey
surface) represents the dynamic motion of all atoms. The
filtered envelope (green surface) represents the most
highly occupied volume. The purple ribbon shows E. coli OmpX (PDB accession
code 1QJ8) manually orientated.Figure 13: A comparison of molecular envelopes of
BAPKO_0422 with the His tag (A) and after treatment with HRV-3C protease (B).
Dashed lines indicate the approximate position of the outer membrane. The average
molecular envelope of 20 ab initio structures (grey surface) represents the dynamic
motion of all atoms. The filtered envelope (green surface) represents the most highly
occupied volume. The purple ribbon shows E. coli OmpX (PDB accession code
1QJ8) manually orientated.
Discussion
Expression and purification of recombinant proteins
pET47b(+) constructs containing BAPKO_0422, BB_0562 or BG_0408 fused to an
N-terminal 6x-His tag were provided. Owing to the presence of an N-terminal signal
sequence, full-length proteins may be processed by the secretory pathway resulting
in membrane insertion. This may potentially influence the virulence of E. coli and
would also negatively impact on expression yields (Yoon, Kim, & Kim, 2010). The
signal sequence was therefore replaced with the 6x-His tag and HRV-3C cleavage
site so that the expression would result in the formation of inclusion bodies
containing the protein of interest and the translocation to the membrane would be
prevented (Bannwarth & Schulz, 2003).
This tag was then enzymatically removed for the 3.5 mg/ml BAPKO_0422 sample,
resulting in a native protein. The 6x-His tag and the contaminating HRV-3C were
then removed by passing the material through the His-Trap HP 5 ml column: HRV3C and the 6x-His tag remained bound and the BAPKO_0422 passed through.
HRV-3C protease is reported to cleave the HRV-3C recognition site Leu-Glu-ValLeu-Phe-Gln/Gly-Pro with nearly 100% efficiency at a protease-to-target protein ratio
of 1:100 (w/w) over 24 hours at 4°C (Cordingley, Register, Callahan, Garsky, &

Colonno, 1989). However, the ratio had to be increased to 1:10 to cleave just less
than 50% of the protein over 48 hours at 4°C. It is possible that the 6x-His tag at the
N-terminus of BAPKO_0422 is not easily accessible to the HRV-3C protease
because the protein fold results in a decreased ability of the protease to cleave the
HRV-3C recognition site.
SDS-PAGE analysis
SDS-PAGE analysis of cell lysate, soluble, insoluble and purified fractions from
BAPKO_0422, BB_0562 and BG_0408 was completed to ascertain the purity of the
final protein product. During SDS-PAGE analysis it has to be kept in mind that the
molecular weight of a protein as determined by SDS-PAGE is only an approximation,
and hence, the expected and observed molecular weight can vary (Burgess &
Deutscher, 2009). This is particularly true for outer membrane proteins (Rath et al.,
2009).
A large band at 45 kDa is visible in the non-induced cells, cell lysate and soluble
fraction of every SDS-PAGE (Figures. 2, 3), which suggests that this is a native
soluble protein from E. coli. The molecular weight of BG_0408 is 22.8 kDa (Table 3).
Two bands at approximately 20 and 38 kDa in the insoluble fraction and three bands
at 60, 150 and 250 kDa in the purified fraction are the most prominent (Figure. 2).
BG_0408 contains two cysteines (Table 2) that are likely to form disulphide bonds in
a non-reduced environment. The 20 kDa band in the insoluble fraction is likely to be
a BG_0408 monomer. The band at 38 kDa could be a contamination or a dimer.
Proteins in the insoluble fraction are solubilised in 8 M urea and should therefore be
denatured; however, after the addition of water and NuPAGE LDS Sample Buffer the
concentration of urea halved. As no reducing agent is present in the insoluble
fraction, disulphide bonds are to be expected. This, coupled with the fact that SDSinduced oligomerisation of proteins has also been reported (Watt et al., 2013) and
that the molecular weight corresponds to a dimer, indicates that the 38 kDa band is,
indeed, a BG_0408 dimer.
The 60, 150 and 250 kDa bands in the purified fraction could represent a multimeric
state of the protein. The sample at this stage is expected to be relatively pure and
concentrated. BG_0408 monomers will, therefore, come into closer contact with
each other, allowing the formation of oligomers. Since the native oligomeric state of
this protein is not known, it is possible that BG_0408 naturally forms oligomers in the
Borrelial outer membrane. This could be confirmed using a Western blot targeting
the 6x-His tag with the anti-His tag antibody. SDS-PAGE with a large concentration
of reducing agent such as DTT could also confirm whether the multiple bands are
the result of oligomerisation or contamination. BAPKO_0422 has also been shown to
dimerise at high concentrations (Gemma Brown, 2014). This dimerisation was
confirmed by Western blotting and was not dependent on disulphide bonds.
Therefore, it is possible that there is some physiological relevance to this
dimerisation, and this will require further study.
BB_0562 has an expected molecular weight of 20.2 kDa (Table 2). The purified
fraction shows a band at approximately 20 kDa. There is a less prominent band at
18 kDa which could be caused either by degradation or by contamination. Many
bands are visible in the insoluble fraction, suggesting a higher amount of
contamination before the final purification step in comparison to BG_0408 (Figure. 3)

or BAPKO_0422 (Dyer et al., 2015). The purified fraction of BAPKO_0422 (Dyer et
al., 2015) shows a single prominent band at 23 kDa, which is in agreement with the
expected molecular weight (Table 2).
Analysis of SAXS data
SAXS plays a fundamental role in the investigation of macromolecular structures in
solution. The structure of native proteins can be studied in near physiological
environments and structural changes in response to various external conditions can
be analysed (Koch, Vachette, & Svergun, 2003). SAXS measures the difference in
scattering between the macromolecule and buffer; data from a solution of
monodisperse protein can therefore provide the overall shape of a molecule (Burke
& Butcher, 2012). The size of the scattering object in solution can be determined
using the radius of gyration (Receveur-Brechot & Durand, 2012).
OmpX is a single-domain 8-stranded β-barrel protein with the molecular weight of
18 kDa (Vogt & Schulz, 1999), and shares a sequence homology with BAPKO_0422
(Dyer et al., 2015). OmpX was therefore used as a guide molecule and the
calculated molecular envelopes of BAPKO_0422, BB_0562 and BG_0408 were
compared to the known structure of OmpX.
SAXS data were collected from solutions of BAPKO_0422 at two different
concentrations (3.5 and 2.8 mg/ml), BB_0562 (3 mg/ml) and BG_0408 (4.2 mg/ml).
Linear Guinier plots (Figure. 6) indicate that all samples are monodisperse (Svergun,
Koch, Timmins, & May, 2013). Radius of gyration values were calculated by Guinier
analysis, GNOM fit (reciprocal space) and P(r) plot (real space) (Table 3). All values
are in agreement, but Rg can be calculated more accurately by GNOM from the P(r)
function, which contains the whole dataset, rather than from the slope of a small
region of data points from a Guinier plot (Jacques & Trewhella, 2010). The Rg values
are comparable to that of OmpX (18.20 Ǻ, calculated using OmpX PDB file
accession code 1QJ8, using filters for globular protein evaluation software (Jayaram,
2009)), suggesting that all proteins are monomeric within the tested environment.
This is in contrast to the multimers seen on the SDS-PAGE for BG_0408, and may
be due to the higher concentrations of reducing agent added to SAXS samples.
The pair-distance distribution function (P(r) function) was obtained through a Fourier
transform of the raw scattering data (Jacques & Trewhella, 2010) and provides
information on the overall shape of a molecule by describing the paired-set of all
distances between points in an object (Svergun et al., 2013). The single smooth bellshaped curves (Figures. 7A, 7B, 7C, 7D) indicate that BAPKO_0422, BB_0562 and
BG_0408 are single-domain globular proteins. The extended tails of 3.5 mg/ml
BAPKO_0422, BB_0562 and BG_0408 (Figures. 7A, 7C and 7D) show an elongated
structure consistent with a cylindrical-shaped molecule with no aggregation or
interparticle interference (Jacques & Trewhella, 2010). The bell-shaped curve of
2.8 mg/ml BAPKO_0422 (Figure. 5) does not approach zero with a steady slope,
which could be indicative of particle overlap potentially caused by the flexible 6x-His
tag at the N-terminus (Jacques & Trewhella, 2010). The points at which the P(r)
function returns to zero indicates a maximum length of 39 Å for BB_0562 (Figure.
7C), 46 Å for BG_0408 (Figure. 7D), 45 Å for BAPKO_0422 without the 6x-His tag
(Figure. 7A) and 46 Å for the BAPKO_0422 with the 6x-His tag (Figure. 7B).
BAPKO_0422 without the 6x-His tag is expected to be a more compact molecule.

Kratky plots of BAPKO_0422 (Figures. 8A, 8B), BB_0562 (Figure. 8C) and BG_0408
(Figure. 8D) revealed the parabolic convergence for a folded particle. The clear
peaks and decreasing scattering intensity at high q indicates a compact globular
folded structure with a well-defined difference between the scattering of molecule
and solvent (Glatter & Kratky, 1982). A small degree of disorder was present in
Kratky plots of BAPKO_0422 and BG_0408 (Figure. 8).
Molecular envelope calculation
Ab initio shape determination using dummy atoms to generate volumes whose
scattering profiles fit the experimental data (Ezquerra et al., 2009) was performed
using the online ATSAS package (Petoukhov et al., 2012). For the correct
background subtraction it is important to use a carefully matched blank (Svergun et
al., 2013); hence, dialysis-matched buffer with the exact concentration of LDAO as in
the sample was used.
The average molecular envelope of 20 ab initio structures (grey surface) represents
the dynamic motion of all atoms within the BAPKO_0422 (Figures 9 and 10),
BB_0562 (Figure. 11) and BG_0408 (Figure. 12). The filtered envelope (green
surface) represents the most greatly occupied volume. All filtered envelopes
(Figures. 9, 10, 11 and 12) are consistent with an 8-stranded β-barrel and are in
agreement with the shape and size of the E. coli homologue OmpX (purple ribbon)
with only the loop regions protruding outwards. As the loop regions are flexible, the
molecular envelope accounts for an average of positions. When the molecular and
filtered envelopes are generated in PyMOL (Schrodinger, 2010) as spheres rather
than surface, the size of the filtered envelope matches that of the OmpX.
The N-terminal 6x-His tag is expected to be located at the perisplasmic side of the
proteins (Schulz, 2000). Molecular envelopes of BAPKO_0422 with (Figure. 10) and
without (Figure. 9) the 6x-His tag were compared to establish the orientation of the
molecule (Figure 13). BAPKO_0422 with the 6x-His tag (Figures. 10, 13) shows
three regions with higher flexibility within the molecule, which are likely to be the
external loops, periplasmic turns and the His tag. Periplasmic turns are shorter than
loops (Schulz, 2000) and are therefore expected to produce smaller flexible regions
within the molecules, which may provide some information about the orientation of
the BAPKO_0422 without the 6x-His tag (Figure. 9). The His tag is fairly small in
comparison to turns and loops; hence, the smallest flexible region was expected to
be oriented towards the periplasmic side (Figure. 13). However, it was not possible
to determine the periplasmic and external side of the BAPKO_0422 after the
enzymatic digest with HRV-3C protease (Figure. 9, 13), BB_0562 (Figure. 11) and
BG_0408 (Figure. 12), as the flexible regions are of a similar size.
Numerous questions arise from this work, such as the nature of the BG_0408 dimers
observed during SDS-PAGE and why this does not match the monomeric structure
from SAXS. If a possible contamination is excluded by a Western blot, the potential
physiological relevance of such oligomerisation needs to be investigated. Size
exclusion chromatography could help to determine the oligomeric state of BG_0408
in a solution.

To produce a statistically significant data set, the SAXS data for BAPKO_0422,
BB_0562 and BG_0408 need to be collected in triplicate from solutions of various
concentrations. The orientation of the BAPKO_0422 without the His tag, BB_0562
and BG_0408 β-barrels also remain to be determined. The His tag of BB_0562 and
BG_0408 could be enzymatically removed, and a visual comparison of the molecular
envelopes may produce the necessary information. Alternatively, partial trypsin
digest followed by mass spectrometry could help to identify flexible loop regions and
possibly the orientation in the membrane. Ultimately, X-ray crystallography will
provide high-resolution structures of these β-barrels.
The function of BAPKO_0422, BB_0562 and BG_0408 is currently not known. It is
postulated that BAPKO_0422 and BG_0408 could play a role in host immune
evasion as their binding to human factor H has been recently shown (Dyer et al.,
2015). Similar experiments need to be performed for BB_0562 in order to provide an
insight into its function.
Conclusion
Three proteins from the outer membrane of Borrelia (BAPKO_0422, BB_0562 and
BG_0408) were successfully produced using the E. coli recombinant expression
system. Theoretical predictions suggested that these proteins form 8-stranded
membrane-spanning β-barrels. Data from SAXS is consistent with this hypothesis.
Molecular envelopes determined ab initio closely resemble the crystal structure of
homologous OmpX. All the proteins studied are single-domain cylindrical-shaped
molecules with no evidence of an internal pore.
The function of these proteins remains to be determined. The functional variety of βbarrels in an outer membrane is highlighted in Table 1. Recently, BAPKO_0422 and
BG_0408 have been shown to bind human factor H (Dyer et al., 2015) and could,
therefore, act as a mediators of bacteria-host adhesion and form part of a bacterial
defence against the complement immune response.
The work presented here emphasises the important fact that numerous proteins on
the surface of Borrelia remain to be characterised, both structurally and functionally.
A complete annotation of integral membrane proteins is crucial to understand the
wide range of possible host–pathogen interactions and to aid vaccine and drug
development.
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